A conducting redox polymer is investigated in acidic electrolyte using various in situ methods, including electron paramagnetic resonance (EPR), UVevis spectroscopy, and conductance measurements. The quinone redox active pendant group has a formal potential of 0.67 V (vs. standard hydrogen electrode) where a 2e2H process occurs. By analyzing the rate constant at different temperatures, the rate-limiting step in the redox reaction was found to be a thermally activated process with an activation energy of 0.3 eV. The electron transport through the conducting polymer was found to be non-thermally activated and, hence, not redox rate-limiting. This is also the first time a negative temperature dependence has been reported for a conducting redox polymer in the same potential region where the redox active pendant group has its formal potential. EPR and conductance data indicated that the conductivity is governed by both polarons and bipolarons but their ratio is shifting during oxidation and reduction of the polymer.
Introduction
There is an increased demand for electrical energy storage (EES) in order to be able to store energy harvested from sustainable sources such as wind, waves, or the sun and to power all the portable devices being used in the modern world [1] . But at the same time climate change is forcing us to reconsider what materials and methods we are using to produce such EES devices. Future EES devices need to have a sustainable life cycle from the acquiring of raw materials to the recycling and disposal processes. Organic batteries have the possibility to be more environmentally friendly than their inorganic counterparts since they can be made from renewable resources and do not require energy consuming mining and refining as metal-based batteries do [2] . With organic materials, the electronic properties can also be fine-tuned to fit different applications and they can be made flexible [3, 4] . Organic battery materials can be categorized by several different means, e.g. by the nature of the redox active group (radical [5, 6] , carbonyl group [4, 7, 8] , conjugated polymer [9, 10] , etc.), by the size of the molecular building block, or in a more traditional way, by the cycling ion (H þ [11, 12] , Li þ [13, 14] , Na þ [7, 15] , etc.). A particular class in the family of organic battery materials that has recently gained attention is conducting redox polymers [11,16e18] . These materials contain both a conjugated polymer and a small redox active functional group. The principal design serves to combine the strengths of the large polymeric system with the electronic properties of conjugated polymers and other specific redox groups. Conjugated polymers are electrically conducting and insoluble but suffer from low charge storage capacity and a poorly defined redox potential. Small redox groups on the other hand have a high charge storage capacity and, in many cases, a well-defined redox potential but can dissolve in the electrolyte and are not conducting. By covalently attaching small redox groups to the conducting polymer the resulting conductive redox polymer can be electrically conducting, have a high charge storage capacity, a well-defined redox potential, and be insoluble in the electrolyte. We have previously shown that for some polypyrrole/quinone combinations the redox reaction of the quinone severely interferes with the conductivity of the backbone, due to a twisting of the backbone [19] . When poly(3,4-ethylenedioxythiophene) (PEDOT) (Fig. 1a ) is used as a backbone, this unfavorable polymer-pendant group interaction was not observed [17] . PEDOT, which has been shown to have high conductivity and stability [20] , is thus sufficiently robust to withstand forces exerted by the pendant group. In this study we further explore the properties of the quinone-PEDOT conducting redox polymer (Fig. 1b) with the aim to understand the mechanisms involved in charge transfer. We have previously demonstrated a fast redox conversion (sub-second scale) for this material, which tentatively was traced to the material's ability to only cycle protons for charge compensation and the redox matching between the PEDOT backbone and the HQ pendant group [11, 17] . The latter condition has been proven to be an absolute requirement for fast redox conversion in conducting redox polymers [11] . In this study we identify the rate-limiting factor in the redox reaction and the charge carrier responsible for conductivity. The former was done by temperature dependent kinetic-and in situ conductance measurements and the latter by electron paramagnetic resonance (EPR) and UVevis spectroscopy performed in situ during redox conversion. We show that the pendant group redox conversion is rate limited by a thermally activated process that we interpret as the pendant group redox reaction while the electron transport shows non-thermally activated transport properties. We also conclude that bipolarons are formed and show indications that they contribute to the electronic conductivity.
Experimental

General procedures
All solvents and chemicals were purchased from Sigma-Aldrich and were used without further purifications unless otherwise specified. Deionized water was used to prepare aqueous electrolytes and acetonitrile was dried over molecular sieves prior to use. All electrolyte solutions were purged with N 2 prior to measurements and, unless otherwise specified, all experiments were conducted at ambient temperature. EDOT-HQ was synthesized as previously reported [11] . Electrochemical measurements were performed on an Autolab PGSTAT302 N potentiostat (Ecochemie, The Netherlands) equipped with a bipotentiostat module unless otherwise specified. Cyclic voltammetry was used to polymerize the monomer from a 10 mM solution in MeCN, containing 0.1 M TBAPF 6 as supporting electrolyte. All characterizations were performed in sulfuric acid (H 2 SO 4 (0.5 M), pH 0.3) with a Ag/AgCl (3 M NaCl) (þ0.192 V vs. SHE) reference electrode and a platinum wire as counter electrode. All potentials are reported vs. standard hydrogen electrode (SHE) unless otherwise specified. After polymerization the electrodes were rinsed with MeCN and subsequently water before transfer to an H 2 SO 4 -solution for characterization.
In situ conductance
The working electrode for conductance measurements was an interdigitated array (IDA) electrode with 90 pairs of Au bands on glass substrate (10 mm between bands, 150 nm high, MicruX Technologies, Spain). The monomer was polymerized onto the IDA electrode by cyclic voltammetry using three scans between À0.1 V and 1.1 V (vs. Fc 0/þ ) at a scan rate of 25 mV/s. The number of scans was chosen as to fully cover the electrode, as verified by visual inspection of the electrode as well as by the constant conductance between second and third cycle monitored during polymerization. Conductance measurements were performed in situ during cyclic voltammetry using a bipotentiostat with a voltage bias between the two working electrodes of 1 mV for polymerization and 10 mV for characterization. A scan rate of 10 mV/s was used for characterization. For the temperature dependence measurements the temperature was increased from 283 K to 343 K in steps of 10 K and the conductance was measured using the same electrode for all temperatures. At the end of the series the temperature was returned to room temperature and the conductance was again measured in order to ensure that the polymer was not degraded during the temperature series.
Kinetics
A micro glassy carbon (mGC) electrode (BASi) with a diameter of 11 mm was used for the temperature dependence study of the redox reaction of the pendant group. EDOT-HQ was polymerized onto the mGC electrode using two cyclic voltammetry scans between À0.1 V 
In situ EPR
For in situ EPR measurements the monomer was polymerized onto a platinum wire (ø ¼ 0.2 mm) working electrode by cyclic voltammetry using five scans between À0.1 V and 1.1 V (vs. Fc 0/þ ) at a scan rate of 0.1 V/s. The polymer was then transferred to an electrolytic flat cell (Wilmad LabGlass, USA) filled with 0.5 M H 2 SO 4 with the counter and reference electrodes outside the EPR area. EPR spectroscopy was performed with a Bruker EMX-micro spectrometer (Bruker BioSpin, Germany), equipped with an EMX-Premium bridge and an ER4119HS resonator. The microwave frequency was 9.77 GHz, the microwave power was 5 mW, and the modulation amplitude was 1 G. The potential of the polymer was set by potentiostatic methods in steps of 100 mV between 0 V and 1 V, using a CHI660D potentiostat (CH instruments, USA) and was allowed to reach steady state for each potential step before EPR measurements were conducted.
In situ spectroscopy
The monomer was polymerized onto an indium tin oxide (ITO) coated silicon dioxide glass slide working electrode (Praezisions Glas & Optik GmbH), pre-soaked in potassium acetate [21] , by cyclic voltammetry using two scans between À0.1 and 0.5 s during cyclic voltammetry. The polymer was cycled at a scan rate of 10 mV/s in the potential region between 0 V and 1 V. Difference spectra were obtained by subtracting the spectra obtained at 1 V from all other spectra. Fig. 2 shows the voltammetric response from a PEDOT-HQ covered platinum electrode immersed in 0.5 M H 2 SO 4 together with the corresponding data for unsubstituted PEDOT. The peak for PEDOT-HQ (black line in Fig. 2 ) has previously been identified as corresponding to the 2e2H quinone redox conversion [17] . From the cyclic voltammogram (CV) of PEDOT-HQ, the formal potential (E 0 )
Results
Cyclic voltammetry
was calculated to 0.67 V, with a peak separation between the oxidation-and reduction peak of 85 mV, an oxidation half peak width of 137 mV and a reduction half peak width of 163 mV at a scan rate of 50 mV/s. At lower scan rates the peak separation is reduced to 50 mV [17] .
In situ conductance
Fig . 3a and c shows the current response from the two working electrodes during electrochemical redox conversion of the polymer. The electrochemical redox conversion is performed by applying a cyclic voltammetry voltage profile on both working electrodes against an external reference and counter electrode while keeping a constant, 10 mV bias, between the two working electrodes. For both PEDOT-HQ and PEDOT the current responses are dominated by the current resulting from the voltage bias between the working electrodes, i.e. the current through the polymer bridging the two working electrodes, which is manifested as a negative current on one electrode and a corresponding positive current on the other electrode. By adding the current responses monitored at the two electrodes, the positive and negative currents originating from current through the polymer cancel out, and the current originating from the redox conversion, i.e. the cyclic voltammetry response, is isolated from the over-all response ( Fig. 3b and d for PEDOT-HQ and PEDOT, respectively). The conductance, instead, was calculated by converting the difference between the current responses from the two working electrodes to conductance using ohms law. The current difference corresponds to the current through the material if the conversion currents at the two electrodes are equal or, alternatively, if the current through the material is much larger than the conversion currents thus ensuring that any difference in conversion current at the two electrodes is negligible. As the peaks corresponding to the quinone redox conversion at the two electrodes are close to identical the first condition is met and, in addition, the biascurrent dominates the over-all current response (Fig. 3a) . In order to avoid double counting of electrons the current difference was divided by two and divided by the voltage bias to yield the polymer conductance ( Fig. 3b and d for PEDOT-HQ and PEDOT, respectively).
PEDOT-HQ shows a rapid increase in conductance between À0.1 V and 0.2 V and a close-to-constant conductance plateau around 39 mS at higher potentials (Fig. 3b) . PEDOT has a lower onset potential than PEDOT-HQ and could therefore not be brought into an insulating state due to the potential limit of the water electrolytes. PEDOT instead displays an almost constant conductance of 37 mS in the whole potential region investigated.
The conductance was measured at temperatures between 283 K and 343 K for both polymers and the results can be seen in Fig. S2 . For PEDOT-HQ, the conductance at 0.67 V was plotted as a function of temperature (Fig. 4) and demonstrates a monotonous decrease with increased temperature, at the formal potential of the quinone. Pristine PEDOT displays a similar behavior (Fig. S2b) . For both polymers close to identical in situ conductance response was observed at room temperature after the temperature series as prior to the temperature series.
Activation energy
For the quinone redox reaction the apparent rate constant was calculated from the slopes at high scan rates in Fig. S1 , where the oxidation and reduction peak potentials are plotted against the logarithm of the scan rate. At high scan rates the redox peaks move apart. At sufficiently high scan rates, i.e. when the oxidation or reduction peak has shifted more than 100 mV from E0 0 , the back reaction was considered negligible and equations for an irreversible forward redox reaction were considered valid. The formal rate constant could then be calculated from the dependence of the peak potential with scan rate using Equation (1) [22] .
Here E p is the peak potential, E 00 the formal potential, R the gas constant, T the temperature, a the transfer coefficient, z the number of charges, F the faraday constant, n the scan rate, and k 0 the apparent rate constant. The apparent rate constant was evaluated at different temperatures (283e343 K) and the results are shown in Fig. 4 . The activation energy was obtained using the Arrhenius equation:
where k is the rate constant, A the Arrhenius constant, E a the activation energy, R the gas constant, and T the temperature. A fit of the experimental data to Equation (2) (inset Figure) gave an activation energy of 0.30 eV. Fig. 5 shows the EPR signal for PEDOT-HQ and PEDOT measured (Fig. S3 ) centered around 3486.5 G and 3487.1 G for PEDOT-HQ and PEDOT, respectively. The mean g-value is 2.0026 for both PEDOT-HQ and PEDOT and increases slightly for PEDOT-HQ at higher potentials whereas for PEDOT the g-value does not depend on potential. Relative spin concentrations were calculated by double integration of the derivative signal while the signal width was taken as the distance between the positive and negative peaks.
In situ EPR
For PEDOT-HQ the number of spins slightly increases at low potentials, up to 0.3 V, and then starts to decline, see Fig. 6a . PEDOT shows a similar pattern. The signal width increases with potential at low levels of oxidation for both polymers and reaches a plateau around 0.6 V, Fig. 6b. 
In situ spectroscopy
From UVevis differential spectra, Fig. 7 , a decrease in the band gap absorbance, accompanied by a small blue-shift, can be seen for both polymers upon oxidation, at~2.0 eV for PEDOT-HQ and 2.2 eV for PEDOT. A decrease in the absorption at~1.4 eV for PEDOT-HQ and~1.6 eV for PEDOT is also seen upon oxidation. For PEDOT an increase in absorbance is seen at~1.2 eV. In addition to the PEDOT centered transitions, PEDOT-HQ displays two additional peaks at 3.3 eV and 3.8 eV. The peak at 3.3 eV starts to increase at 0.7 V and the peak at 3.8 eV decreases after 0.7 V, in agreement with the formation of benzoquinone (BQ) (oxidized state) and the disappearance of hydroquinone (HQ) (reduced state), respectively, since the formal potential for the HQ/BQ conversion is at 0.7 V (Figs. 7a and 8) .
The band gap absorption of PEDOT-HQ decreases with increased potential and reaches a close-to -constant value after 0.5 V (Fig. 8a) . When reducing the polymer the band gap absorption displays complete reversibility (Fig. 8b) . The BQ and HQ absorptions also show reversibility with absorption values returning to the original value after a full redox cycle (Fig. 8) .
The change in absorbance for BQ and HQ upon oxidation is shown in Fig. 8 . The fitted lines are from Equation (4) for BQ (oxidized species) and from Equation (5) for HQ (reduced species), derived from Nernst Equation (3), where x ox (fraction of oxidized species) and x red (fraction of reduced species) are proportional to the absorption:
Here E 00 is the formal potential, z the number of charges, F the faraday constant, R the gas constant, T the temperature, c 1 the conversion factor to absorption, including the extinction coefficient and polymer thickness, c 2 takes into account the standard error in the baseline, and c 3 is a fudge factor accounting for a deviation from Nernstian behavior. E 0 was set as a variable and for the green lines, corresponding to a Nernstian fitting, z was set to 2 and c 3 was set to 1 while for the blue lines, corresponding to a non-Nernstian fitting, z was set to 2 and c 3 was set as a variable. The fit yielded a value for c 3 of 0.4 for both HQ and BQ.
Discussion
As in all CRPs two redox processes must be considered in PEDOT-HQ, the redox chemistry of the polymer backbone, often referred to as doping, and the redox reaction of the pendant group. In order to benefit from the conducting polymer it is vital for CRPs to have the redox reaction of the pendant group in a potential window where the polymer backbone is conducting, so called redox matching [11] . The condition of redox matching has previously been described for PEDOT-HQ [17] and is also evident from Fig. 3a where the quinone redox reaction, with a formal potential of 0.67 V, is well within the conducting region of the polymer. Furthermore it is desirable that the backbone conductance is relatively unaffected by the redox chemistry of the pendant group, which is not always the case [19] . Also this condition is met in PEDOT-HQ as evidenced by the observation that the quinone redox reaction does not affect the conductivity of the polymer, which shows a constant conductance during the pendant group redox conversion. The fast electron transport through the material could allow for a uniform potential throughout the polymer layer and we can expect the pendant group to be described as a surfaceimmobilized species. For a fully reversible Nernstian system the peak width should thus be 90.6 mV/n and there should be no peak split [23] . PEDOT-HQ, however, displays a broadened peak as indicated by the half peak width (137 mV) of the redox peaks and a non-zero peak split (85 mV) (Fig. 2). (We have previously shown that the peak split is reduced to 50 mV at lower scan rates [17] ). The fittings to Equations (4) and (5), in Fig. 8 , of the UVevis absorption also confirm a deviation from Nernstian behavior with the fudge factor c3 deviating from 1. The peak broadening indicates interactions between pendant groups. This is expected given the close proximity of redox centers in the polymer as each repeat unit in the polymer carries a quinone substituent [24e26]. The pendant groups have the possibility for p-p-interactions in both reduced and oxidized states, and hydrogen bonding between hydroxy groups in the reduced state with either other hydroxy groups or carbonyl groups in the oxidized state. The electron transport through the polymer can be facilitated by a temperature increase as the additional thermal energy available may overcome activation barriers involved in the electron transport. This thermally assisted electron transport results in a positive temperature dependence as observed for several conducting polymer systems [27e32] . But when the temperature is increased, thermally activated phonons are also introduced into the polymer and will result in an increased scattering of charge carriers [33, 34] , and thus a lowered conductivity. PEDOT-HQ and PEDOT display a negative dependence of the conductance with increased temperature (Fig. S2) and hence the activation barrier is sufficiently low so that an increased scattering dominates the temperature dependence in the studied temperature interval (283e343 K). Although a negative temperature dependence of the conductance has previously been reported [35] what we present here is, to the best of our knowledge, the first time a negative temperature dependence is reported for a CRP in the potential region where the pendant group redox reaction occurs.
EPR results (Fig. 6a) show a polaron concentration that is lowered at higher potential, and equivalently at higher doping level. Both PEDOT-HQ and PEDOT show similar changes in spin concentration, indicating no big difference in polaron formation and depletion between the two polymers. The peaks in the UVevis spectra (Fig. 7 ) at low energy,~1.3 eV for PEDOT-HQ and~1.6 eV for PEDOT, follow the same trend as the EPR results and can be assigned to polarons. The decrease in spin concentration has been observed previously and is generally interpreted as the formation of spinless bipolarons [36e39]. The decreased spin concentration at higher potentials is, however, not concomitant with a decreased conductance, i.e. the conductance remains at a constant plateau value. The constant conductance can be interpreted in two ways: either the bipolarons formed at high doping level contribute to the conductivity or the formation of bipolarons increases the mobility for the remaining polarons. An increase in EPR signal width (Fig. 6b) indicates that the spin is changing, which could be due to a different environment around the polarons upon doping which has, for spins with Lorentzian line-shapes, been connected to a decrease in mobility [40] . This gives support to the claim that the bipolarons are indeed also charge carriers.
The apparent rate constant for quinone redox conversion evaluated at E 0 follows an Arrhenius behavior, indicating a thermally activated rate-limiting reaction in the redox conversion process with an activation energy of 0.3 eV (Fig. 4) . This is in clear contrast to the non-thermally activated behavior found for electron transport trough the polymer, as evaluated from the polymer conductance measurements under steady-state conditions at the same potential (Fig. 4) . We can thus conclude that electron transport through the polymer does not limit the quinone redox conversion rate. From investigating the cyclic voltammetry response at different scan rates we have previously also shown that the redox reaction is not diffusion limited [17] .
As the electron transport is fast relative to the quinone redox conversion we can assume that the polymer backbone is in equilibrium with the electrode on the time-scale of quinone redox conversion and hence that at E 0 , where the apparent rate constant is evaluated, the polymer backbone is equilibrated. , followed by deprotonation of the semiquinone radical to form the neutral HSQ. As only one peak, corresponding to the complete conversion from HQ to BQ, is seen in the CV at any scan rate [17] we can further conclude that the semiquinone state is not only unstable with respect to disproportionation but its formation step is slower than the subsequent reaction leading to the fully oxidized state regardless of which route is taken. Consequently, the rate determining steps will be the electron transfer from H 2 Q forming H 2 SQ þ , the deprotonation of H 2 SQ þ to form HSQ, or a combination of both and the activation energy determined is associated with this reaction sequence. With a ratelimiting electron transfer step, the activation energy is simply the activation barrier for the electron transfer between H 2 Q to PEDOT. With a rate-limiting deprotonation, the activation barrier is instead given by the activation energy for the deprotonation reaction and the temperature dependence of the equilibrium between H 2 Q and H 2 SQ þ . We cannot, at present, differentiate between these limiting cases. Regardless of which reaction is limiting we can conclude that it is one of these elementary steps and not the electron transport through the polymer, since that would result in the same negative temperature dependence for the quinone redox reaction as for the conductance.
Conclusion
The redox reaction of PEDOT-HQ in an acidic electrolyte was studied by various in situ methods. The redox conversion of PEDOT-HQ deviates from Nernst behavior with a broadened peak and a peak split between the oxidation and reduction peaks as well as a fitting to the in situ UVevis absorbance that does not follow Nernstian behavior. The HQ/BQ redox conversion exhibits a thermally activated process with an activation energy, for the ratelimiting step, of 0.3 eV while the electron transport through the polymer is a non-thermally activated process. The electron transport is thus not rate-limiting and the redox reaction is instead limited by a proton or electron transfer to or from the quinone pendant group. We have hence narrowed down which steps in the redox process that could be rate determining. This is the first time a negative temperature dependence has been presented for a conducting redox polymer in the potential region where the redox active pendant group has its formal potential. In situ EPR and in situ conductance data indicates that bipolarons are charge carriers since the polaron concentration decreases and the polarons become less mobile while the conductance is constant. These results give us a clearer picture of how charges move in the CRP and which steps in the redox conversion should be focused on in order to improve the reaction rate.
